It was found that a FIA system with an immobilized enzyme reaction column could be utilized for the determinations of hydrogen peroxide in some water samples, such as rain water and tap water. A column was packed with chitosan beads immobilizing horseradish peroxidase. Under the recommended conditions, it took 5 min for each assay, and the detection limit, which was defined as a signal-to-noise ratio of 3, was 3.0 ng dm −3 of hydrogen peroxide. The relative standard deviation at 1.0 mg dm −3 of hydrogen peroxide was 1.5% (n=20). There was no interference from some coexisting substances having a low oxidation-reduction ability or not; therefore, a standard addition method could be applied to rain water and tap water samples. From such results, it has become clear that the proposed FIA system can be applied to the determination of hydrogen peroxide in water samples, and that the system is suitable for routine analysis in environmental observations.
The determination of trace amounts of some unstable substances usually utilizes some derivatization reactions to produce their stable products, where the stabilization of the analytes and a separation from the matrix can be achieved simultaneously. 1 In general, silica gel or octadecyl-silica, which impregnates a derivatization reagent, is used for the derivatization and separation of analytes, and an optical detector, such as a photometric or fluorometric detector, is employed for their detection. On the other hand, there are some analytical methods for determining such unstable substances without a derivatization or separation step. In such cases, a highly selective detector or reaction is necessary to obtain an exact determination without any separation procedure. A biosensor, for example, which comprises an electrochemical detector with an enzyme membrane, is widely used as the detector of a non-separation analytical system. 2 The biosensors have been classified into two typical types. One involves the direct detection of electrons which move in an enzyme membrane; 3, 4 the other type involves the indirect detection of some redox substances which are produced by a chain reaction of some enzymes. 5 Some studies have also developed methods to utilize enzymatic reactions for non-separated analyses which involve some selective reactions. 6, 7 The enzymatic analysis is based on a selective reaction between an enzyme and an analyte to produce some light-absorbing or fluorescent products, which can be detected with simple detectors. As an analytical use of enzymes, there is the direct use of an enzyme solution 8 , an immobilized enzyme on solid carriers and so on. 9, 10 These analytical techniques may be chosen according to the type of detectors and the kind of reagents and reactions. Though enzymes have been widely used in solutions in medical fields 11 , this process is very expensive because large amounts of enzymes are disposed as waste. Enzymes immobilized on some carriers can be used in various reactions, where it is possible to detect the substrates at low background without the loss of enzymes. Especially, an enzyme immobilized on amino-glass beads has shown high sensitivity, selectivity and rapidity for the determination of microamounts of hydrogen peroxide by flow injection analysis (FIA). 12, 13 In such methods, the enzymes were exposed to severe conditions when they were immobilized on amino-glass beads. Moreover, in amino-glass beads as an immobilized carrier, the chemical bond between the silanol group on the glass surface and the amino group is not very strong, and the number of effective amino groups on the surface is not many. In our previous paper 14 it was reported that an immobilized enzyme was prepared by a glutaraldehyde bridging method using chitosan beads as a carrier, and that it was possible to determine the microamounts of hydrogen peroxide. The amounts of enzyme, which immobilized onto the chitosan beads as a carrier, were much more than those immobilized onto some other carriers.
This process is possible to apply for the determination of hydrogen peroxide by FIA using an immobilizing peroxidase reaction column and 3-(p-hydroxyphenyl)-propionic acid (HPPA) as a fluorescent substrate. In FIA, because it is easy to control some reaction conditions, FIA seems to be suitable as an analytical method utilizing an enzymatic reaction. This paper describes a preparation method for a peroxidase-immobilized reaction column and the optimum conditions of an FIA system for the determination of hydrogen peroxide in some practical samples, such as rain water and tap water.
Experimental

Apparatus
For fluorometric measurements, a Shimadzu RF-550 spectrofluorometer equipped with a quartz flow cell (12 µl) was used, and the fluorescence intensity was recorded by a Pantos Unicorder C-228 recorder. A JASCO UVIDEC-660 spectrophotometer was used for spectral and absorbance measurements. For a pH measurement, a TOA Electronics (Model HM-30S) pH meter was used. A measurement of the activity for immobilized enzymes was performed at 25˚C, which was maintained using a Yamato-Komatsu Coolnics circulator (Model CTE-42W). The shaker used for preparing the immobilized enzyme was an Iwaki KM-Shaker (Model V-DN), which was used at maximum speed. The pumps used in the FIA system were Nihon Seimitsu MiniChemical Pumps (NP-EX3U and NP-D251). An immobilized enzyme column was made using a plastics mini-column (5 mm i.d.×50 mm) packed with about 0.8 g of peroxidase immobilized onto chitosan beads.
Reagents
HPPA and guaiacol were purchased from Wako Pure Chemical Ind., and were used for experiments without any further purification. HPPA was dissolved in 0.3 mol dm -3 tris(hydroxymethyl)aminomethane (Tris) (pH 11) to give a 2.3×10 -3 mol dm -3 solution. A glutaraldehyde solution (0.3%v/v) was prepared by dissolving it in 0.3 mol dm -3 Tris, the pH of which was adjusted to 8 with nitric acid.
A phosphate buffer solution (pH 7.0) was prepared by mixing 0.1 mol dm -3 dihydrogenphosphate and monohydrogenphosphate in a 1:2 ratio.
Horseradish peroxidase (EC1.11.1.7) with a specific activity of 257 U mg -1 , used for the preparation of the immobilized enzyme, was supplied by Wako Pure Chemical Ind., which was commercially available for enzyme immunoassay. The peroxidase solution was freshly prepared from the solid enzyme, because in a solution enzyme the activity can decrease within a short time. The concentration of peroxidase dissolved in 0.1 mol dm -3 phosphate buffer (pH 7) was determined by measuring the absorbance at 400 nm.
Chitosan beads (Chitopearl 3503 φ: 300 µm), which were used as the immobilizing carrier, were purchased from Fuji Spining, and were used without any particular treatment.
The preserving solution of the immobilized enzyme was prepared by dissolving 1.0 g of bovine serum albumin (BSA), 0.88 g of sodium chloride and 1.2 g of Tris in 100 cm 3 of water. All other chemicals used were of analytical reagent grade (Wako Pure Chemical Ind.).
All of the solutions, except for a fluorometric indicator solution, were prepared with ultrapure water, which was obtained using a Milli-Q SP Reagent Water System (Millipore). The fluorometric indicator solution was prepared with distilled water, which was distilled ultrapure water in a borosilicate glass still.
Preparation of immobilized enzyme and measurement of the activity of the immobilized enzyme
The immobilized enzyme was prepared by the glutaraldehyde bridging method.
14 Two grams of chitosan beads (Chitopearl 3503) were placed in a glass centrifuge tube; 10 cm 3 of a glutaraldehyde solution was then added to the tube, and the tube was shaken for 2 h. Then, 10 cm 3 of a peroxidase solution containing about 100 µg cm -3 of peroxidase in a phosphate buffer was added to the tube, and it was shaken for 1 h. After washing the beads with water, the resulting chitosan beads were employed as a peroxidase-immobilized enzyme, and stored in a refrigerator at 4˚C in a preserving solution.
The activity of the immobilized enzyme was measured by a method of Pütter 15 with some modifications. 14 The method was based on the rate of the reaction between hydrogen peroxide and guaiacol catalyzed by peroxidase, which has been recognized to give an estimation of enzyme activity.
Analytical procedure for the determination of hydrogen peroxide by FIA
A flow diagram using the proposed method is shown in Fig. 1 . An aliquot of the sample solution (0.3 cm 3 ) was injected into the carrier stream through an injection valve (Rheodyne 7125) and mixed with a HPPA solution as a fluorometric indicator. The mixture reacted in the immobilized enzyme column to produce fluorescent species. The fluorescence intensity was then measured at an excited wavelength of 305 nm and an emission wavelength of 405 nm. The concentrations of the hydrogen peroxide in practical samples were determined from a calibration graph, which was prepared with the peak height obtained using standard hydrogen peroxide solutions. The flow rates of the carrier and the indicator stream were identical (0.4 cm 3 min -1 ).
Results and Discussion
Immobilized enzyme
Chitosan as an immobilized carrier contains amino groups in its structure, with which glutaraldehyde can react to form a Schiff base. The detailed reaction mechanism was described in a previous paper.
14 In this study, suitable conditions of the immobilizing reaction were examined when the concentrations of glutaraldehyde and pH were varied. The activity was reduced for the sake of polymerization between the enzyme and glutaraldehyde in the solution beyond a glutaraldehyde concentration of 0.3%. On the other hand, the immobilization of peroxidase was incomplete due to a lack of reactivity between the amino group and the aldehyde group below pH 8, and the apparent activity of the immobilized enzyme was reduced. The activity of the immobilized enzyme was also reduced along with a decrease in the activity of peroxidase beyond pH 8. It was thought that the structure of the enzyme might be changed at pH 8 because this pH condition was far beyond the isoelectric point of the enzyme (i.e. the isoelectric point of the peroxidase was pH 7.2). The activity of the immobilized enzyme, which was prepared by the proposed method, was 3 to 4 unit per dry weight of chitosan beads.
To maintain the activity of the immobilized enzyme, a phosphate buffer, a BSA solution and a sodium chloride solution were examined as a preserving solution for the immobilized enzyme. When the activity of the immobilized enzyme one week after preparation was measured, the BSA solution showed the best activity of the three preserving solutions of the immobilized enzyme. A pH from 9 to 10 of the preserving solution was better than a neutral pH region. Such phenomena were different from some other reports which utilized peroxidase for the determination of hydrogen peroxide. 10 The structure or composition of the enzyme seemed to be changed before and after the immobilization, and the stability of the enzyme was improved by the immobilization. 16 Analytical conditions of FIA Flow rate and injection volume. The reaction period and the degree of the dispersion of a sample in the immobilized enzyme column are due to the flow rate. To establish the optimum flow rate, experiments were carried out over a range of 0.5 -1.0 cm 3 min -1 as total flow rates of the double plunger pump by injecting a 1 mg dm -3 hydrogen peroxide solution. The peak height was higher at a faster flow rate, and was lower and broader at a lower flow rate. When the higher flow rate was used, however, the pump balance was changed and the flow ran backward. Consequently, a flow rate of 0.8 cm 3 min -1 as a total flow rate was found to be most satisfactory for the proposed method. The carrier and the indicator flow rates were identical at 0.4 cm 3 min -1 . It took 5 min at this flow rate for the determination of hydrogen peroxide by injecting 0.3 cm 3 of the sample solution.
The effect of the sample volume over the 0.1 to 1.0 cm 3 range was investigated by injecting a 1 mg dm -3 hydrogen peroxide solution. The peak height was constant over 0.3 to 0.8 cm 3 . Therefore, the injection volume was set at 0.3 cm 3 .
Effect of the pH.
A suitable pH for the reaction between HPPA and hydrogen peroxide was examined. The maximum peak height was obtained at pH 11. Below this pH, the peak height was decreased according to the acid-dissociation constant of HPPA (pK 1 <1, pK 2 =10.3). When the pH was set at 12, the peak disappeared upon denaturation of the immobilized enzyme. These results agreed with those obtained in preparing the immobilized enzyme. When the pH was lower than 10, the degree of the ionic form of the fluorescent product was decreased by reducing the dissociation of the proton in the phenolic hydroxide. From these results, the pH of the FIA system was set at 11.
Effect of the concentration of tris(hydroxymethyl)-aminomethane (Tris).
Tris has been recommended in the literature 17 for improving fluorescence, because it does not affect the structure of the enzyme. Figure 2 shows the effect of the concentration of Tris on the peak height. The fluorescent products were adsorbed on the surface of the immobilized enzyme like a distribution. Tris contributed to the desorption of the fluorescence products from the surface of the immobilized enzyme; the concentration of Tris was set at 0.3 mol dm 
Effect of the concentration of HPPA.
HPPA was used as a fluorescence indicator in the proposed method; the reaction mechanism has been described in the literature. 18 The peak height was constant at concentrations above 2.0×10 -3 mol dm -3 of HPPA. To preserve the activity of the immobilized enzyme, it was recommended to use a lower concentration of HPPA as a fluorescent substrate. Therefore, the concentration of HPPA was set at 2.3×10 -3 mol dm -3 . The reaction temperature was not controlled in the present work, because the reaction temperature was scarcely influenced at over 15 to 40˚C. 14 
Stability of the immobilized enzyme column.
In the proposed procedure the immobilized enzyme column was used at a higher pH compared with that in some other studies. 8, 10 After the experiments were carried out, the reaction column was filled with the preserving solution and stored in a refrigerator at 4˚C. By this treatment, the immobilized enzyme column showed a constant sensitivity for over a period of two years. Figure 3 shows flow signals obtained with the FIA system set under the established analytical conditions. The peaks had a sharp and high reproducibility as well as a slightly tailing because the products were adsorbed on the immobilized enzyme, which did not influence the determination of hydrogen peroxide. The calibration curves for hydrogen peroxide prepared by the proposed procedure were linear (r=0.999) from 2.0 mg dm -3 to 0.1 mg dm -3 in the low-sensitivity region of the detector, and from 0.1 mg dm -3 to 3.0×10 -3 mg dm -3 in the high-sensitivity region of the detector. The detection limit, which was defined by a signal-to-noise ratio of 3, was calculated to be 3 ng dm -3 for hydrogen peroxide. Also, the relative standard deviation at 1.0 mg dm -3 of hydrogen peroxide was 1.5% (n=20).
FIA signals and calibration graph
Effect of coexisting ions
The determination of hydrogen peroxide, which possesses both high oxidation and reduction ability, is severely influenced by redox substances. Dissolved oxygen also slightly influenced the determination of trace amounts of hydrogen peroxide. Table 1 gives a summary of the effects of coexisting ions. From the results, almost all anions did not interfere with the determination of hydrogen peroxide, whereas cations, especially such bivalent cations as Ca(II) and Mg(II), severely influenced the recovery of hydrogen peroxide. It might be considered that Ca(II) and Mg(II) formed precipitates of their hydroxides under the proposed analytical condition (pH 11). Apparently the reaction mixture formed a white suspension when it was allowed to stand in a test tube. In the case of a tap-water sample including such cations, however, the precipitate was not observed when the same procedure was applied to the sample. Even when EDTA was used as a masking reagent, the decrease in the peak height was not recovered. The reason for this phenomenon is still not clear.
The effect of other coexisting ions usually found in natural water samples, such as rain water and river water, was studied by adding each foreign ion to the sample. The results are also given in Table 1 . There was no interference except Fe(III). In the presence of 1000 mg dm -3 of Fe(III), the activity of the immobilized enzyme was lost. It was considered that Fe(III) invaded into the activity part of the enzyme and inhibited the activity. The analytical signal was decreased in the presence of 10 mg dm -3 level of Fe(III), but did not influence the activity of the immobilized enzyme in the reaction column. Fe(III), which was present at that level, consumed hydrogen peroxide to produce its oxide, such as Fe 2 O 3 . At the 1 mg dm -3 level of Fe(III), it 1080 ANALYTICAL SCIENCES NOVEMBER 1999, VOL. 15 did not influence the determination of hydrogen peroxide. When reductive organic compounds, such as reductive sugars and some proteins, co-existed with hydrogen peroxide, they consumed hydrogen peroxide, and then the recovery was decreased. The effects of typical organic substances were examined. The results are summarized in Table 2 . The effects of these organic substances, except for glucose, were very little. Because glucose is a reductive sugar, it consumes hydrogen peroxide. Table 3 shows the results for the standard-addition method, which was prepared so as to compare their slopes with those of the calibration graphs. The proposed FIA method was applied to an analysis of rainwater and tap-water samples. The slope obtained from each sample was in good agreement with each other. Consequently, it was clear that the proposed FIA method could be applied to the determination of hydrogen peroxide in such samples. Moreover, a pretreatment of samples was not necessary for determining hydrogen peroxide in rain-water samples. Figure 4 shows the histogram between the interval of time, and the concentration of the hydrogen peroxide and the amount of rain fall. There are some reports related to the concentration of some substances in rain water. 19, 20 It had a high-concentration value of hydrogen peroxide at the beginning of rain fall, and then the concentration decreased with time. The maximum value of the concentration of hydrogen peroxide in the sample obtained by the proposed method was 3 mg dm -3 and the concentration of hydrogen peroxide in rain water was observed at the sub-mg dm -3 level during the day time. On the other hand, only a little hydrogen peroxide existed in rain water falling at night. It is considered that light is an important factor for the process of producing hydrogen peroxide in the atmosphere. The hydrogen peroxide generation mechanism in the atmosphere may become clear in the future. The open circle represents the concentration of H2O2.
Application to real samples
